Microring resonator devices implemented on silicon and silicon-on-insulator substrates have a unique potential to be used in high-bandwidth multiplewavelength integrated photonic networks. A scheme for the wavelength allocation is proposed, and its feasibility is verified experimentally. The important system-level trade-offs that result from the proposed scheme, including those among bandwidth, device footprint, and electrical power consumption, are discussed as well.
Introduction
Photonic integrated circuits (PICs) have the potential to realize extremely highbandwidth optical interconnection with micrometer-scale devices, which consume less power and introduce less latency than their contemporary bulk counterparts. In interconnects used between parallel processors in large-scale high-performance computing systems, vast amounts of bandwidth are exchanged between different processing cores. This interconnect or interconnection network is often a serious bottleneck in overall system performance for high-end high-performance computing system applications. Because of the large bandwidth potentially available to microscale and nanoscale integrated photonic systems, these technologies are a promising means of reducing the bottleneck in these systems and others that leverage optical networks [1] . Both chip-to-chip and on-chip applications are well addressed with PIC technology, where in the former, a separate substrate contains the high-bandwidth PIC and in the latter the PIC is monolithically integrated with computing devices.
Optical microcavities, particularly those based on ring resonator structures, exhibit unique properties that are often desirable for PICs [2] . Microring resonators shaped from nanoscale photonic waveguides can be easily fabricated on conventional silicon and silicon-on-insulator (SOI) substrates, with the potential to support complex photonic networks and PICs, such as the one illustrated in Fig. 1 [3] .
The following discussion introduces a novel scheme for organizing high-bandwidth multiple-wavelength packets; this scheme is uniquely compatible with the behavior and functionality of microring resonator-based photonic switching elements. Interconnection networks, which can easily leverage these microrings as switching elements, offer significantly more scalability and modularity than simple interconnection buses and point-to-point links [4] . The possible system-level trade-offs of the proposed scheme, especially relating to system footprint and electrical power consumption, are also evaluated in the context of network size and total bandwidth. The coupled waveguides in each switch implement a crossover, and the microring resonators on the same half of the switching elements operate on staggered wavelengths in order to further enhance the bandwidth. Fig. 2 . Left, micrograph of a microring resonator device with both through and drop ports accessible. Right, plot of resulting transmission spectrum for drop port, with the Fourier spectrum for an ideal 10 Gbit/ s NRZ-modulated pseudorandom binary sequence signal superimposed.
cessfully fabricated [22] , and interesting network architectures for wavelengthselective routing based on these ideas have been envisioned [23, 24] .
2.B. Bandwidth Limitation
As single-channel data rates increase in high-bandwidth systems, the spectral width of each channel broadens. When these high-speed optical signals pass through devices with narrow transmission spectra, the signals can be distorted quite severely. As highspeed non-return-to-zero (NRZ) on-off-keying optical data signals pass through high-Q microring resonators, distortion occurs due to the nonuniform attenuation of the modulation sidebands (Fig. 2) . Even when the carrier wavelength is aligned precisely with the resonance peak, an optical signal's high-frequency components can be greatly attenuated by the resonator's low-pass characteristics, causing smoothing and pulse broadening in the time domain. The authors have previously shown that, as a direct result of this degradation, a power penalty is incurred on an optical signal passing through a resonator; this effect has been analyzed with both experimental results and numerical simulations [25] [26] [27] . As the ratio of the optical signal data rate (in gigabits per second) to the resonator FWHM (in gigahertz) increases, the degradation becomes more severe, causing higher power penalties.
2.C. Electro-optic Switches
In addition to passive wavelength filters, modulators and switches can also be implemented by using active devices where the wavelength of the resonant modes can be altered by a small amount. For electro-optic control, typically a p-i-n or MOS structure is embedded around the waveguide; these approaches essentially create a large semiconductor capacitor that can introduce electrons and holes to the waveguide. By manipulating the carrier density of the waveguide, the refractive index is altered because of the free-carrier plasma dispersion effect, thereby shifting the wavelength of the resonant modes. Experimentally, this change in the index of refraction ⌬n is quantified as
for silicon, over the range of interest, where ⌬N and ⌬P are the excess electron and hole concentrations in units of 10 18 ϫ cm −3 , respectively [28, 29] . Different configurations of microring resonators can lead to devices that function as modulators and as 1 ϫ 2 switching elements ( Fig. 2) . High-speed optical modulation using active silicon microring resonators has been shown at speeds of up to 4.0 Gbit/ s NRZ [14, 15] .
Transmission Scheme
The transmission peak of microring resonator devices is generally very narrow as a result of the high cavity Q required in order to manifest interesting physical properties, as discussed above. Since a high Q implies a narrow resonator transmission band, the modulation rate of high-bandwidth data that can pass through a single resonance peak is limited [25] [26] [27] . Instead, utilizing wavelength channels that correspond to resonator modes, the periodicity of which is defined as the free spectral range (FSR), can allow for a significant improvement in total throughput bandwidth, especially for WDM systems with either independently routed wavelength channels or multiple-wavelength packets that traverse a system as a cohesive unit. Therefore it may be advantageous to design microrings with smaller FSRs so that many wavelength channels, each on a particular resonant mode of the ring, may be switched or filtered simultaneously (Fig. 3) . Furthermore, multiple adjacent wavelength channels can be collected within a single resonant mode to utilize the resonator bandwidth more efficiently.
Separating signal wavelengths by a resonator FSR has been investigated in the past for wavelength conversion in both III-V and silicon-based material systems [17, 30, 31] . In the proposed scheme, FSR-spaced signals are leveraged as a means of obtaining higher bandwidth throughputs while using a single resonator device. It is a concern that, for high-bandwidth on-chip photonic networks and PICs, nonlinearities can be detrimental to performance. Although two-photon and free-carrier absorption, Kerr nonlinearities, and the Raman effect can be leveraged for interesting all-optical devices in silicon, high power levels ͑Ͼ10 mW͒ are typically required [17, [31] [32] [33] [34] . However, with the power levels typical for communications systems ͑ϳ50 W͒, nonlinearities are rarely manifested [31, 32] . The following experimental investigation confirms that transmission with high signal quality can be easily obtained for operation in the regime typical for high-bandwidth networks.
Experimental Demonstration
First the power penalty is measured for a single wavelength ͑1559.34 nm͒ passing through the microring device; the entire power penalty for this case is due to the nonuniform attenuation of the modulation sidebands by the resonator transmission spectrum, as demonstrated in Refs. [25, 26] . Then the same wavelength is transmitted through the ring along with a second wavelength ͑1546.16 nm͒, spaced one FSR lower. In this case any additional power penalty would be attributed to cross talk between the two wavelengths, due to nonlinear processes or due to linear effects such as coherent cross talk. However, the following experiment shows no significant additional power penalty.
A microring resonator with a Q of 18,000 was fabricated on an SOI substrate by using strip waveguides with dimensions of 450 nmϫ 250 nm; it consists of two waveguides coupled to a ring so that both the through and drop ports are accessible (Fig. 2) . The two wavelengths, which are modulated independently by a 2 31 − 1 pseudorandom binary sequence at 10 Gbit/ s, are multiplexed onto a single fiber with a 3 dB directional coupler, and the signals are introduced onto the chip by using a tapered fiber and a nanotapered waveguide [35] . Once on chip, the light is transmitted through an SOI waveguide, where it passes through a number of bends before entering the resonator device. The light egresses from either the through port or the drop port of the microring. After exiting the chip, it is collected by another fiber; a polarizer ensures that only the TE mode is used. The optical signals then pass through an erbium-doped fiber amplifier (EDFA), a tunable filter, and a variable optical attenuator. Some of the light is extracted for power measurements, while the rest is detected by a high-speed optical receiver. Polarization controllers are used throughout the setup to provide consistent results with the many polarization-sensitive components. The electronic data signals that are used to drive the modulators are generated from a pulse pattern generator (PPG), and the received electronic signal is analyzed by an oscilloscope and a bit error rate tester (BERT) that is synchronized to Fig. 3 . Conceptual representation of the proposed high-bandwidth transmission scheme. The blue curve represents the multiple-FSR transmission spectrum of a microring resonator device. Open rectangles delimit the spectral range available for the proposed multiple-wavelength transmission format. Within each resonance peak, the spectral range can be partitioned further: gray rectangles correspond to (left) one 100 Gbit/ s wavelength, (center) two 40 Gbit/ s wavelengths, and (right) eight 10 Gbit/ s wavelengths. the pulse pattern generator (Fig. 4) . The effects of the narrowband transmission characteristics are investigated by setting the tunable laser to wavelengths within the resonance band (centered at 1559.38 nm), so that the signal passes through the drop port of the microring. To isolate these effects, measurements are also taken off resonance ͑ϳ1558 nm͒, so that the signal egresses from the through port and is unaffected by the resonance characteristics.
The power penalty curves for the two situations are nearly identical, and the variance between the two is certainly smaller than the experimental uncertainty (Fig. 5) . Furthermore, the resulting power penalty value of 0.29± 0.01 dB agrees with the numerical simulations, as detailed in Refs. [25, 26] . This result confirms that two wavelengths on different FSRs of the same microring resonator experience negligible cross talk, and no effects are observed that would limit the practicability of systems based on the proposed technique. Microring-based network architectures that leverage this multiple-wavelength scheme, especially when designed to accommodate multiple-FSR transmission, will have the capacity for high total bandwidth.
System Architecture
A scheme that takes advantage of this ability to transmit multiple channels separated by multiples of the FSR through the same microring resonator devices is proposed. The accompanying network architectures are comprised of photonic switches that contain multiple microrings, each responsible for routing a set of FSR-separated channels. The augmented 3 ϫ 3 crossbar network given in Fig. 1 is an example comprising nine of these complete electrically controlled 2 ϫ 2 multiple-wavelength switches. The proposed noninterfering, nonblocking switches consist of four microrings, two of which are responsible for routing a single input port. By having two rings for each port, two separate FSR-spaced channel groups can be switched independently or simulta- Fig. 4 . Schematic of experimental setup, which contains two wavelength channels at the input and an erbium-doped fiber amplifier, tunable filter, and tunable attenuator at the output before a high-speed receiver (Rx). Fig. 5 . Bit-error rate curves for the single-channel case (black) and the two-channel case (blue), with back-to-back measurements (squares, solid lines) taken from the through port and device measurements (circles, dashed lines) taken from the drop port, accompanied by the numerically predicted result (red), as from Refs. [25] [26] [27] .
neously. Any microring-based topology can be modified to accommodate the proposed high-bandwidth multiple-wavelength transmission scheme based on multiple-FSR utilization, e.g., see Refs. [22, 23] .
5.A. Power Penalty and Attenuation
The first important system-level considerations for microring resonator-based interconnection networks are the power penalty and insertion loss introduced by each of the switching elements. As first introduced in Refs. [25, 26] , the power penalty experienced by a high-speed optical signal as it passes through a narrow filter or resonatorbased switching element is related to Q (resonator quality factor). References [25] [26] [27] elaborate on the methodology used for these numerical simulations, which are based on conventional Fourier analysis. The power penalty accumulates with each successive device and is even more significant for narrower resonances or higher-channel bandwidths (Fig. 6) . Furthermore, even microring resonators with ideal coupling coefficients necessarily attenuate incident optical signals. While signals that exit the through port of a device (off resonance) experience negligible attenuation, those that exit the drop port (on resonance) experience insertion loss dominated by a component that is proportional to 1 / Q, assuming near-critical coupling, where Q can be divided into two terms by 1 / Q =1/Q 0 +1/Q c , with Q 0 and Q c , respectively, the intrinsic and coupling contributions [36] . This insertion loss accumulates with every cumulative cascaded resonator device.
Therefore both power penalty and attenuation grow with the number of microrings traversed in a PIC network. Fortunately, for most interconnection network topologies, the number of devices encountered by a particular signal is logarithmically proportional to the total number of network input and output ports [4] . Nevertheless, there is a critical design trade-off between the size of a network and the allowable signal degradation.
5.B. Footprint
In SOI technology, the FSR of a ring within the C band ͑1529-1577 nm͒ can be approximated by its radius R:
To achieve higher-bandwidth devices, the FWHM of each resonance can be increased (lower Q) to allow more data per channel, or the FSR can be reduced so that more bands of channels can be fitted over the spectral range. In the former case, where the Q of the microrings is lower, switching and extinction ratios are often very poor [14, 15, 17, [25] [26] [27] . However, this problem can be avoided by maintaining high Q values while reducing the FSR, although insertion loss may be augmented further. The number of FSR bands available over the C band can also be approximated by the ring diameter
again assuming typical SOI waveguides. This result has the unfortunate implication that, in order to allow for greater transmission capacity, larger microring resonators must be used. There is therefore a clear trade-off between device footprint and network bandwidth.
5.C. Power Consumption
As mentioned above, active devices based on microring resonators are modulated by introducing carriers via a p-i-n structure or semiconductor capacitor, which changes the index of refraction of the waveguides and thus shifts the resonant wavelength. Driving these large p-i-n diodes requires power that is proportional to the area of the device and to the switching speed. The previous subsection discusses the trade-off between device size and transmission capacity, and this can be extended to the electrical power consumption of the network. To allow more FSRs into the C band, device size must be increased; but larger devices require proportionally more power to modulate and switch.
The first implementations and prototypes of the microring-based electro-optic switch are dominated by the contact resistance and parasitic capacitances. When this technology matures, the switching power will approach the minimum required for driving carriers into the waveguide and producing the required index change. To attain a typical 20 dB switching ratio, the required index change has been estimated to be of the order of 4 ϫ 10 −4 , independent of the size of the microring, for Q on the order of 15,000 [29] . Thus, by Eqs. (1), the required carrier concentration is of the order of 5 ϫ 10 17 cm −3 electrons or 1 ϫ 10 17 cm −3 holes. At such low carrier concentrations, the p-i-n junction needs to be only about 10 m thick (depth) under normal conditions, and power consumption is dominated by carrier-induced conductivity modulation rather than any of the capacitance components [37] . The ideal power consumption can thus be estimated as a function of the diode width, which is approximately 2R for a microring of radius R, relatively independent of modulation frequency over the megahertz and gigahertz range:
where p is the constant of proportionality. For an ideal silicon p-i-n diode, p is generally of the order of 0.6 W/m [37] . For a typical ring of radius 5 m, this ideal power consumption is calculated to be approximately 19 W. Although the total power consumption for the prototype generation of these switches is of the order of 1 mW, it has been predicted that straightforward fabrication advances can lead to p =3 W/m, or ϳ100 W for a typical microring [14] . Whereas electronic circuitry requires individual switching elements for each data channel, multiple-FSR devices can switch numerous channels simultaneously. This feature of high-bandwidth PIC interconnection networks is what makes them so attractive: without additional power consumption, multiple high-bandwidth optical channels can be switched by driving a single device. Although optimizing power and bandwidth trade-offs can be complex, the proposed multiple-FSR transmission scheme greatly enhances the switching capacity of microring resonator-based photonic interconnection networks.
Conclusions
A new scheme for multiple-wavelength transmission, which takes advantage of the multiple-resonance characteristics of microring resonator-based switching elements, has been proposed and experimentally demonstrated for the first time to our knowledge. By setting wavelength channels on each FSR-separated resonance of a microring, the bandwidth capacity available to an interconnection network can be enhanced immensely. The design of architectures that leverage silicon microrings as switching and routing elements must consider some important trade-offs between optical trans-mission bandwidth, electrical power consumption, and on-chip network footprint. These high-bandwidth networks are a prime example of the advantages of PICs and are ideal for meeting the demands of state-of-the-art computing systems.
